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TECHNIQUES FOE IMP RO VIN G ULTRASOUND CONTRAST R:\TIO 

Hit present invention relates to uhmsouud detection and imaging tecimieru.es md in. 
particular to methods for improvtag the contract ratio ''between different structures 
5 within a target object such as she human body. 

Ultrasound contrast agent in the form of small -gas bubbles (e.g. with an average 
diameter of 3 microns) is widely used to improve image quality m ultrasound 
scanning techniques practised on the hwxim body. Tie gas bubbles are infused into a 

10 region of interest to increase the baeksGa&esed echoes from selected organs of 
Interest. Tire gas bubbles ate currently utilized mainly as tracers for noninvasive 
quantification of bl ood flow and marry of them are no w approved for l eft ventricular 
opacification and for enhanced endocardia! border delineation To extend the utility 
of ultrasound contrast for imagmg, research .has- besst* m$y&j>$o>cms& in developing 

IS efficacious ultrasound contrast agents and new classes of oomrast-speciiic imaging 
methods. 

More stable contrast gas bubbles have recently beeii developed, designated as ^BcaEid^ 
lOr^^x^rig^eCTi^oa «©Msas'!;..age0t$. The bubbles comprise a shell -■encapsulated high: 

20 molecular weight gas. The gas contained in the bubble plays the most important role 
in setting the lifetime and persistence of the contrast echo. The shell material controls 
the longevity of. the bubble in addition to its linear and non-linear ultrasound 
scattering and absorption properties. Tbe commhmeut of pharmaceutical companies 
for new ititmsomxi contrast bubble design, and naanxhaeturing. teebnicpes has beep 

25 accompanied by a significant kaproVem&dit ia-:tbe way in which, ultrasound imaging is 
performed. Specialised imaging methods have been developed to preferentially 
detect echoes from the contrast bubbles while reducing tbose from other structures, 
such as solid tissue This is .mainly attributed to the unions acoustical signatures of 
gas nilerohubbies, waicii differ from the signature of tissue. 

30 

One of these methods uses second harmonic scattering. Second harmonic-based 
techniques enhance die demotion of contrast agent within marry structures such as 
cardiac chambers. Dlffersnees between the response of gas TOiorPbuhhles and tissue 
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to ohrasound ireadialion are exploited. Soft ^xss^^'kmvm.M be linear reflectors 
whereas contrast babbles exhibit a m^mpw-'&t harmome behaviour when interacting 
with ultrasound waves. This property has been nsed to selectively image contrast 
bubbles and is now employed la cormneraial systems for rraRsmorack imaging and is 
5 termed * contrast han&omc imaging'. 

Although second harmonic imaging wss-ife? f3x&-i&damqu& that gave new capabilities 
to contract imaging-, differentiation between contrast agent and tissue, termed 
conttnst-to-nissoe ratio (CTR), is still m many situations cumbersome, and contrast 
2 0 detection remains one of the mam challenges, especially in capillaries. Reduced CTR 
is mainly caused by generation of harmonic energy from nondinear propagation 
effects in tissue, which hence obscures echoes from contrast bohbles. 

From me imdamenha nnagmg originally used m contrast echo techniques to second 
15 harmonic imaging, there have been several develop mietx>hubble detection 
tsefcuones. These include pulse inversion end power pulse inversion, power, 
moddation,: mn:hi-nuise release imaging, suhharmonic imaging and saperl^monic 
imaging. All these detection, strategies take advantage of the fact that mlcrobub'h.le 
response, and. mainly its non-linear response, differs from the tissue response i In this 
20 way, the specirle bubble component can be separated, from tbe tissue component. 
Dhfbrtunately, in many etrcumsnmecs,, present contrast imaging methods are still 
associated with various limitations that rednee their capability to discriminate tissue 
echoes from blood echoes, This results ib a reduced contrast to tissue ratio (CTR). 

25 The present invention is directed toward a techmqne for hnproVing; CTR, using a new 
amhi-pnise contrast agent imaging method. The method described significantly 
ap eft nates the tissue component in a received echo signal while echoes from contrast 
agent pass relati vely unsuppressed. Using the properties of a linear and stateless 
system we define a three pulse sequence mat cancels perfectly when subtracted. 

30 Subsequently we show that changing the system from linear to non-Hnear does not 
change the cancellation property of tbe poises. In addiilom we show that in certain 
cases the three pulse sequence can be simplified to a two pulse sequence. The 
method is illustrated in a simulation study which shows high suppression of echoes 
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received from tissue and much Urn suppression of echoes received from a contrast 
agent bubble. The method is also iiinsteated in an in~Wfm experiment which confirms 
the resists found in the simulation study. 

According to one aspect, the present mventjoa provides a method of making 

ultrasound measurements on a target object comprising die Steps of: 

fa) transmitting a first exehation signal into: a target roedi urn; 

cb) traassnitting a second excitation signal into the target medium at a .different 

time to the feat excitation signal, the second excitation signal being gubstantiallv 

equal to a .portion of the first excitation signal; 

(c) receiving a feat and a second response from the target medium, respectively 
corresponding to the first and second excitation signals; and 

(d) generating m output signal comprising the difference between the .first, 
response and the sum of the second response and a ;time-shifted copy of the second 
response, the time shift being selected for appropriate alignment of the copy relative 
to the first response and the second response. 

lite time shift may he suhsstanfiaily equal to the difference between the duration of the 
first excitation signal and the duration of the second Recitation signal or a fraction 
thereof. 

According to another aspect, the present invention provides a method, of making 
ultrasound measurements sh a target object comprising the steps of 

(a) transmitting a first excitation signal into a target medium; 

(b) nanar&Mng a second excitation signal into me target medium at a different 
time to the first excitation signal the senond excitation signal being substantially 
equal to a first portion of the first exekailon signal; 

(c) transmitting a third excitation signal into the target medium at a. different time 
to the first and second excitation signals, the third excitation signal being substantially 
equal to a second portion of the first excitation signal; 

(d) receiving a first, a second and a third response from die target medium, 
respectively oojTe^ondihg-ta t&e'&sVifcg. ses$s$an&. ; th« third excitation signals; and 
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(e) generating an ourpul. signal composing the difierenee between the first 
response aud the- sum of the second and tlhrf responses. 

According to another aspect, the present hwentioa provides a method of making 
S ultrasound measurements on a target object comprising the steps of: 

transmitting a plurality of discrete exdlatioo .signals into a target rnvdhzm, the 
discrete excitation signals comprising a primary excitation signal and one or more 
secondary excitation signals; 

receiving a corresponding plurality of respouses from the target medium 
10 respectively resulting from the plurality of discrete epilation signals; 

generating an output signal comprising the dil&rence between the response to 
the pmmy excitation signal and either 

(i) the sum of the responses to the secondary exettatiph signals, or 
(h) the sum of the response to a single s^od^y- -fes^tibB; 4g$fc1; and one or 
15 more time-shifted copies of the response to the single secondary excitation signal, the 
tune shift feeing selected for appropriate alignment of the co-pies relative to the first 
response and the second response. 

The time shift maybe substantially equal to the difference between the duration of the 
20: first exoh&tion signal and me duration of the secopd excitation signal or a fraction 
thereof 

According to another aspect, the present mention provides an apparatus for making 

ultrasound measurements on a target object comprising: 
25 a transducer for transmitting excitation signals into, and receiving 

corresponding response signals from, a target medium; 

m excitation signal generator for generating a first excitation, signal and a 

second excitation signal at a different time to the first excitation signal, the second 

excitation signal being sivbs^niially equal to a portion of the first excitation signal; 
30 and 

a signal processing device for receiving a first and a second response from tin; 
transducer, respecthfely corresponding to the first and second excitation signals and 
for generating an output signal comprising, the difference between tbe first response 

4 
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and the sum of the second response and a tune-sMf^d copy of tfee second response, 
the time shift being selected for appropi^ ali^Mf of the copy relative to fee first 
response and the second response. 

5 The time shift may be substantially ®am\ tb the difference between the duration of the 
first excitation signal and the duration of the second excitation signal ox a fraction 
thereof. 

According to another aspect, the present invention provides an apparatus for making 
1 0 ultrasound ms.astiremen.ts on a target object comprising: 

a transducer fox transmitting excitation signals into, and receiving response 

signals front, a target medium; 

an excitation signal generator for generating; a first excitation signal, a second 

excitation signal at a diflemra time to the first agitation Signal, the second excitation 
I S signal being sabatantially equal to a first portion of fee first excitation signal, and a 

third: excitation %nai at a different bine to the first and second exeitari on signals, the 

third excitation signal being substantially eonal to a second portion of the first 

excitation signal and 

a; signal proeeSs&g device -Hsr are^^t^. * tot, a second and a third response 
20 from the transducer, respectively corresponding to the first, the second and the third 

excitation, signals; and far generating an output signal comprising fee difference 

between me first response and the sum of the second and third responses. 

According to another aspect, doe present invention provides an apparatus for making 
25 ultrasound measurements on. a target obj ect comprising; 

a transducer for transminmg excitation signals into, and receiving excitation 

signals from, a target medium; 

an excitation signal generator for generating a plurality of discrete excitation 
signals, the discrete excitation signals comprising a pxlnwy excitation signal and one 
30 or more secondary excitation signals; 

a signal processor for receiving a corresponding plurality of responses from 
the transducer .respectively resulting from the plurality of discrete excitation signals 
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and for generating m output signal comprising the iitls:rsnce fo&tweaa f be response to 
the primary excitation signal and either 

0} the spin of the responses to the secondary exeitadon signals, or 
ill) the sum of the response to a single ssOOBdary excltatioa signal and one or 
$ niore lime-shifted copies of the response to fee single secondary .excitation signal, fee 
time shift being selected for appropriate alignment of the copy relative to the fhst 
response and the second response. 

The time shift may be substantially epsl. W$® M&stvxc® between fee duration of the 
10 first excitation signal and fee duration of fee second excitation signal or a. fraction 
thereof 

Bmbodiments of the mventioo will now be described, by my of example, mi wife 
reference; to the aecorapanying drawings in. which: 
1 5 Figure 1 shows a three pulse epirfeihatism that cancels perfeofly when fee first 

and second poises are subtracted from the fend pulse; 

Figure 2 shows an nltrasonnd excitation burst sequence used for improved 
contrast agent to tissue discrimination; 

Figosp 3 shoves two schematic diagrams of the processing steps for both a two 
20 burst sequence and a fere© burst sequence; 

Figure 4 shows simulated pressure -time curves for non-linear ultrasound 
propagation at different exchafion pressures and corresponding frequency domain 
irdftroialion belbre and after processing; 

Figure 5 shows simulated pressnre-time corves for a single contrast agent 
25 bubble at different excitation pressures and corresponding frequency domain 
irrfermation before and afesr processing; 

figure 6 shows in-vitro results for tissue jnimickbg phantom, and contrast 
agent in bofe time and ff: equeney dornam before and after processing; and 

Figure 7 shows a schematic diagram of an apparatus suitable for 
3 D laxpiarnenting the invemiom 

Linear system theory defines a Linear llme^mvariant (LTl) system h(t) as a system 
having the properties 
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and 



x(t) y(t) 



x(t f * ) — * y(t : - % % (eqs . 2 ) 



in which x(?% x t (t% and xj(J) are arbitrary input signals, # and b are arbitral scaling 
10 constats, X0 is ®& response of the system to the hipxsi signal xh) 5 . and t is an 
arbitrary time delay. Equation 1 defines jineariry and is well known. Equation 2 
defines tlms-liwariajjce which states feat a time sMft on m input signal does not 
einmge the response of a system except for an equal time shift In the output signal , 

15. Real-BFe systems are, in addition, neoessatily causal which implies that die output of 
such a system eatmot depeud on Input in the future. This cap be expressed as 

y(i)-h[xti)} with t < t, (eq. 3) 

20 in which h[ ] indicates what values die system k(fy uses to determine its output. 
Another property in system ibeory is the notkm of 'state' or 'memory' In the system. 
The output of statelet or msmoryiess systems depends only on the current input and 
not on any input in the past. A raemoryiass system cart hence be expressed as 

25 y&) - h\x(M -with t « <t. (eq. 4} 

An example of a stateless and causal LTEsystem is. an electrical resistor network. 
The notions of linearity and. state in system theory are orthogonal concepts and. 
therefore every combination of me two is possible. 

3>\J 

in ultrssomKi, the complete imaging ebam can he classified by these concepts as well, 
hi the early days, the imaging system for tissue was considered to be a linear and 
tune-variaui system; linear heoanse teosduesr and tissue scattering were considered 

7 
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linear and dm e-variant because of movement in the imaged region, for example in the 
case of imaging the human heart. 

More recently, harmonic imaging was introduoed, ^idi nfeoessitated reclassification 
5 of an imaging system as a non-linear, time-wriant svMem, Although, fee transducer 
was still -considered linear, the medium was feond. to pxoektoe hmnomaa at higher 
ultrasound pressures and hence to be non~hnear. Additionally, due to the high Pulse 
Repetition Frequencies (PRF's) currently used, the Imaging system has essentially 
become ihoehnvatiant on the .mtef-pulse thne-seaie which is exploited in muIti^uSse 
10 teelsmques like pulse inversion and power modulation 

As for state in the imaging system, it is clear that the imaging chain contains state 
Inibnnation, which is most apparent from the delay feefw«eB transmission of the pulse 
and reception of the- response. The highly damped, large bandwidth transducers 

iS currently in use are well able to follow the electrical signal applied to them; without 
showing much resonant behaviour and hence the state information they contain is 
hnhxed. linear propagation Is. state&l as the medium contains the propagating 
ultrasound: pulse and delays the response for the tune it navels from the transducer to 
a scatterer and back. However, this statehsiness only amounts to a delay on the input 

20 signal: and is easily discarded by working In. retarded time 

T-r- r/co, 

in. which z is the distance the excitation pulse has travelled and c 0 m the speed of 
25 sound in the medium. 

from the KZK~eq/uation that moads:»p»~fip^-|3iopagatio». in tissue, we cm deduce 
that the diffiraction. coraponent in this etmation is the only component that hiiroduces 
state. Diffraction, however, :1s: an effect that is not limited to non-linear propagation 
30 and is fohv dependent on transducer geometry. Therefore, it Is tews in advance and 
can he taken into account when designing the transducer and the excitation, The non- 
linearity and the absorption components of the l^K^eqpation are stateless as their 
effect only depends on the instantaneous value of the pressure in the medium, 

8 
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la summary, ultrasound imagmg of tissue behaves on aa later-pils© time-scale as a 
non-linear and time-invariant system without any state in tisane except lor a 
propagation delay. 

5 

The mtroduction of ultrasound eontest agents (UCA't) into the blood stt'eara eesxd 
tissue adds a new component to the imaging chain. UCA can be classified as a non- 
linear ami statetul system, either time-invariant or time-variant on later-pulse dm©~ 
scale. ffonlinearity of a contest agent bubble has long been recognised and used in 

Ifi various non-linear imaging tedmiqaes. That stateftdness is easily appreolatM from its 
fesouaat behaviour: a clear peak is visible in die response of a single contrast agent 
bubble when msonified at resonance frequency, %m$4nvmmGp or time-variance of 
a bubble system is dependent on the excitation pressure that is used to rnsooiiy the 
kibble. High eKeimdon pressures change or destroy me bubble and hence the system 

15 becomes time-variant If the pressure is low enough not to destroy or cbasige tbe 
bubble at each firing (exeitalion pulse), the system becomes iims-lnvariaxit on .utter* 
pulseripe-vscak. 

The system, tbeoretic classification of tissue and contrast agent is compared hi the 
20 table be-low: 





Issue 


contrast agent 


low pressure 


* l inear 

* uiue-mvanani 

* stateless 


* noBrlmeaf 

* tlme-mvansnt 
« stateful 


high pressure 


* non-linear 

» trcac-invarbml 

♦ stateless 


* non-lhiear 

• time-variant 
« stateful 



We see that at low pressures both tissue and contrast ^^■'M&^mtrk^ f axlm% tissue 
is linear while contrast agent is nan4mear :! and tissue is stateless while contrast agent 
25 is stateful. The difference m linearity between tissue and contrast agent is exploited 
in. techniques that are based on differences in aon4me«r responses, for example 

9 
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harmonic imaging, puke inversion and power muduladon,. These techniques use a 
signal processing approach to selectively -©j^c^- the '^a^^c -p^t from u'-e received 
Signal and hence, detect the presence of contrast agent in tissue. Currently ; no 
techniques are known to the inventors tfeat «re based on statefulness to detect the 
5 presence of contrast agent bubbles in tissue. 

At high pressures, both tissue and contrast agent became, non-linear. This property, 
therefore, cannot be used at high pressures to differentiate between hubbies and 
tissue. However, at higher pressures sufficient to cause the bu bble to change or even 

10 to be destroyed, contrast agent becomes time-variant. This property is used in 
techniques like power Doppler and release burst huaging vfhich use correlation based 
techniques to track the.. change m signature In fee received Signal from the contrast 
agent ater a high power excitation pulse to disrupt -the contrast agent. As with low 
power excitation., there are currently no techniques known to the inventors that 

1 5 expl oil the dMexenoe in statefulness between tissue, .and contrast agent. 

An Mpdrtajat goal in contrast agent imaging has been the detection of contrast agent 
in perfused tissue* Currently most techniques are either based on, the high non- 
linearity of a contrast agent bubble relative to tissue or the disraptabittly of the; 
2D bubble. In both methods, feo^&sf, hadeolfs have to: fee made when hnplemented in 
current nttrasound. machinerv. 

Techniques based on non-linearity suffer from fee non-linearity coming from tissue. 
As the nonfeneanty from tissue is co-founded with die non-linearity from the 

25 contrast agent it fa very hard to untangle both signals and hence the quality of the 
image deteriorates from these contaminating tissue harmonics, m addition the 
bandwidth of the transducer has to he divided to fit both transmission and reception 
bandwidth. The' techniques based on disrupdon of the bubble cannot be used at high 
PRF's. As. at each firing babbles are destroyed, high PRFs would destroy all the 

30 bubbles before new ones arrive with the blood stream leaving no contrast agent in fee 
imaged region . This effect severely limits the PEP and hence the Image frame rate . 
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The presem invention proposes a a«w signal processing an-pr oaeh that is based o» the 
Interaction between fee rmn4ineatity of ■& ecfetm^ ag^M ht»Ble and Its statsiblness to 
selectively identity and suppress the response of tissue m& improve the contrast to 
tissue ratio (CTR), Although the 'tsscfemqas uses BOB^Imaxixy, It does not need to 
5 record harmonies In the reflected signal which implies thai trarisd^?ers cat* foe used at 
died eptimal bandwidth. As it is mainly a levy exehabon pressure technique it does 
not disrupt the bubbles and can be used at high FRF. 

Based on the response expected for a linear system ss deffeed in equation I above. 
1 0 we define three excitation signals 3£%(t) and x- 3 (t% such that, for if j < & <:/* 



::K xi (t) x z (f) &r all t 

Xi(t) - 0 for all t < i x and t > i 2 

x/t) *»■ 0 &r add $ fe::ahd t > -f 3 

jcg (r) « 0; far all r and t > ■ & . 5) 



Figure 1 shows m example:.. ol sucsli stgnals, sowing a three pulse coxpbmafioa feat 
eanneis perfectly when x < aad x 3 ar^ sdbtract^d iromx^ 

20 Using equation 1 it is clear feat the response o£ a iiaear system hit) to the Input 
equals the imnuned re^or^e o€ the system to fee input signals x 5 <0 and or 

)o(0 ~ yi CO jo(/) :::: 0 . for all t 
yi(f} » h(xi(t)) 
25 - dfesr)) 

For a nondlnear system this Is not necessarily the esse, as equation 1 is not valid for 
non-linear systems. However, for a xnemnryiess noudiuear system for which y<t) - 0 
30 if x(?) ~ 0, equations & are s&lh valid since 



■x-tO^CO 



for .o < / < :> 

for t% < (■ < fr. 
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Xi(t}-0 iarsl\t<hm£t>-k (eqs. 7) 

Using equation 4 on ifesse mpots for a meme^Iess non-lhsemv system it is clear 
that 

5 

yM ** *K*&B ■ x<xi(® ** y0) <t< t% 

io(t) = 0 for t < "tj ami ? > <§. (eqs. 8) 

1 0 Concatenating time intervals md noting that we assumed - 0 if - % it is 
prolan that equations 6 are valid for po^taear: memoryiess systems when nshsg 
mpnbsiguals according to equations 5. 

Applying this approach to ultrasound imaging with contrast agents, the power of this 
15 fscimiqua becomes clear. Ow aim is to suppress the signal mmmg from tissue to 
increase the xelaiive conttihution of the contrast agent signal and isenoe Increase the 
CTE.. As is clear feta the tuhle above* tissue reacts either Itooarly or noii-linsarly 
depending on the applied ulti-asouad pressure. Suppression of the tissue signal in the 
linear ease ls possible fey using any combination, of t&ree excitation signals so that 
20 x s (r)~*j(<) is true. 

For higher ultrasound pressures., when tissue starts to react non4inearly, this approach 
does not necessarily obtain Ml cancellation of the tissue signal anymore. However, 
as tissue rentaios stateless in both excitation conditions, the signal from tissue can be 
25 cars ceiled by using a pulse sequence as dcfmed In equations 5 . 

Contrast agents react dlSerentiy. A co&irast agent bubble is son-linear for both low 
and high power excitations and, •ass^tee tiss&fc,,: .is -stateiuL This implies that equations 
6 and ? do not hold for reflections coming; from contiast agent hubbies. Therefore, 
30 full cancellation of contrast agent signal will not occur and a residual contrast agent 
signal will remain. When this residual signal is large enough to be detected, an 
increase in CTR can he obtained without deshoying the bubble aad/or without using 
harmonic components fern the response, 
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A physical explanation of the residual signal is .as wte&totton between the nom 
linearlty md fee siatsM»ess of the contrast agent bubble. Signals from linear 
systems always cancel, hrvSprntim of any state in the system; for non-linear systems, 
5 the signals only cancel when the system is stateless. 

For a stateM system, the oo:tpnt at time t does not only depend on the inpnt at time % 
bat also on the input before t. In . figure l s we see that the last half of signal 
equals ^(r).. In x^?j s however, there is a signal before that last ball;, that is absent hi 

10 x^(t), When n stateless system responds to x^f) as input, the last half n£fh.e response 
will be equal to the response from x^ff) as it does not mefa&x what has happened 
before enrrent time for a stateless system. When fee system Is stateM, it does matter 
wttathas happened before and hence the outpnt fh*r fee last half will differ. Signal 
^(r) is used to calculate the response of the first half tit M$(t% which fox both a 

15 stateless and stateM system should march perfectly as all real-life systems are causal 
and : cannot look into the future. 

When implementing this teohfeque into real hardware a few issues are encountered, 

20 Flrstlys transducers have finite bandwidth and hence cannot exactly reproduce the 
non-oyetlapphtg waveforms. This issue only becomes important when imaging tissue 
in a nonlinear regime, I.e. at high nhrasonnd pressures. In a linear, regime, the 
waveforms still fully cancel as only the hBearfty property is used and the distortions 
introduced at the front and the bach: of fee waveform by the finite bandwidth of fee 

25 transducer felly cancel, in the nonlinear regime, some residual signal is expected 
from the tissue which will confound with the residual signal from the contrast agent 
and decrease the obtained CTR hi the hnage. However, as this is a fixed and fully 
iransducer^dependent effect it can be cornpensated for in the phteer (excitation drive 
eirenhs) to nfefemse the , pv^l^-&--lfa6-:saga , ^; : ;tQ. lirrdted transducer bandwidth. 

30 

Secondly, when nsing a pulse sequence as shown in figure I ; a pnlshig scheme which 
transmits only two pulses will suffice. As the only: difference between xi(t) md x 2 (r) 
is -a. time delay of exactly four cycles ^•••^•'0OJ3^dss'fe : .sy^)a ! :to be dme-lnvarlauh 
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we can use xt(f) to generate bod) yj(t) and ydf) hy delaying y$) few cycles to obtain 
y 2 f/}, Using fewer transmitted pulses will fej*s»w Same rate ana make k easier to 
compare this technique with p«l$s-iiivsrsioir an<J power-modulation techniques which 
are both, based ail two tr&nsmitiMnp, 

5 

To confirm the feasibili ty of the approaab described above, we performed simulations 
of nonlinear propagation and a single contest agent bubble. Additionally > the 
simulation results were validated with m~viir& measoreroeats of a phantom and a low 
concentration dilution of an experimental contrast agent. For the simulations and the 
10 measurements, an excitation sequence was defined as ^aswan* figure 2. 

Figure 2 shows: an exemplary three-hurst excitation sequence that has the desired 
cancellation property in both the simulation study and mMtro measuren^enis. 

15 The sequence consists of an higk>eys;Ie hurst at 2 MH^.foHowed by two fear-cycle 
hursts at 2 MHz, All hursts have equal amplitude and ate: spaced Tfxjp apart with an 
additional delay of four cycles (T4). ibr the kst fourcycle hurst. A two%urst 
excitation sequence can alternatively be used derived from the three-burst excitation 
sequence by emitting the last fonr»cyeie burst. Ailer recording the responses to the 

20 three-hurst excitation sequence, a processing step is needed to obtain the tissue 
suppression result. 

The processing step lor the three-burst scheme is depicted in figure 3(a). The two 
four-cycle bursts are appropriately delayed and subtracted from the eight-cycle burst. 
25 For the two-hurst excitation schema, the processing is depicted irt Fig. 23(b). Here, 
the single four-cycle hurst Is delayed for four cycles (T*s) and both the original four- 
cycle burst and the delayed version are subtracted from the eight-cycle hurst 

Thus* fn a general sense, it will be noted that the three-bur^: scheme provides the steps 
30 of: (a) transmitting a first excitation signal (s.g. £s(?X-. or %) info a target medium; (h) 
transmitting a second excitation signal (s.g. x0}> or T«) into the target medium at a 
different time to the first excitation, signal the second excitation signal being 
substantially equal to a first portion of the tirst excitation: signal; (c) transmitting a 
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third exeitatlos ngpal (c;g - 0. & agaip) hue the target medium at a different 
time to the first and second excitation ^^ia|s> the third excitation signal being 
substantuilly aqua! to a second porikm of the first excitation signal; (d) recedi ng a 
fet, a second and a third response (e.g. &om % £ar & et th©&it«n 5 

S respectively contending to or reaniiiag finm & fnst the second and the third 
excitation signals; and (a) generating an otitpni signal (e.g. 'Gut% figure 3(b)) 
comprising the difference between the first response (y$(t)) md the sure of the second 
and trurd responses (y 3 .<0 

10 Further, m a general sense,, it will be noted dial the two-burst scheme provides the 
steps of: (a) transmitting & first excitation signal (e.g. ;%(r), or X$) into a target 
medium; (b) transmitting a second excitation signal (e.g. %(r} 9 or T 4 ) into the: target 
medium at a different time to the first excitation signal, the second excitation signal 
being substantially equal to a portion of the first excitation signal; (c) receiving a first 

15 and a second response (e.g. Mr) and Jft<$) the taTr ^et medium, respectively 
eoxtesponding: to or resulting from the first and second excitation signals; and (d) 
generating an output signal (e.g. "Out, figure 3(a)) comprising the difference between 
the first response ($%0):- tidti fee sum of the second response (e.g. ,vi(f}> and a time- 
shifted copy of fee second response (e.g. yj(t)% the time shift being substantially equal 

20 to the difference between ^ ^p^^^tke/SM ^sdfeito signal and the duration of 
the second excitation signal. Preferably, the second excitation signal is transmitted 
subsequent to fee first excitation signal 

A number of other observations about the general techniques are appropriate at tins 
25 point 

While it is desirable feat the second and/or third excitation signals is/are substantially 
equal to a portion of thn first excitation signal, to simplify subsequent processing, this 
'equali ty' refers to the frequency component or components of the excitation signals 
30 and not necessarily to the asr^siitudes. Thns. the second and/or third excitation signals 
may be amplitude scaled versions of the portions of the first excitation signal, in this 
case, it may be necessary to perform anmBfieation or scaling to normalise fee 
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response siguais. Still fiirther, the second and third exenatmn signals may have 
different frequencies, 

The expression 'sealing 5 of the signals may aba be Used to mmwgsss mvetsiotn e.g. 
5 sealing by a factor of -1 • Tsm&, any on® of the. first second or third excitation signals 
may be inverted, provided that ap|>r6pnafe compensation is made during the response 
signal processing. 

The principles of the inventi on are also extendahle to more tha» the number of pulses 
10 indicated in the iiinsteied .embodiments akiw. For the three pulse scheme, it will be 
noted thai hnther excitation signals' («fe^.:s©c^s4-a«4.<|E^ excitation signals) mm 
be trajisixilited into the target medium, each &rthor excitation signal substantially 
equal to a portion of the first excitation signal TM»: gaJ^^- &Ttfe«r:K^a?«s from 
the target niedimn, each further response corresponding to one of the farther 
15 excitatifii signals. The output signal is the-h generated as » difference between the 
first response and a sum of the second* third and farther responses. Generally 
speakings the euro of the second, third and subsequent excitation bursts should he 
equal to the first excitation, burst 

For the two 1 pulse scheme* it will be noted -that the second excitation, signal need not 
be exactly half of the first excitation signal. More generaiiy, the second excitation 
signal may he a traction (he. 1./N th portion) of the first excitati on signal In this case, 
the outpnt signal is then generated as a difeeaee becween the first response and the 
sum of the second response and (N--1) time-stefted copies of the second response. 

25 

The first and the second excitation signals are selected such that the difference 
between the first excitation signal and the sum of N second excitation signals suitably 
time-displaced is substantially zero. 

30 Thus, in a general sense, step {<$), as.-defete^- m$m, .18®$- be .modified to comprise 
generating an output signal (e.g. ' : Out\ figure 3(a)) eompfislng the difference 
between the first reaped the sum of the second response (e.g. jp(0> and a 

number N~! of time-shifted copies of the second response (&&yt(i)% the time shifts 
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for each of the H-] copies being &>m : thries the duratte of the first excitation 
signal to (H--I)/N times the duration of the nrst excitation signal referenced against 
the start of the first excitation signal to ensure apprdpfi&te ahgmre&t 

5 Stated another way, the time shifts for each of the copies are selected for appropriate 
aHgnmeiat of the or each copy relative io^-Sm^r^itm and the second response,, 
e.g. substantially equal to the differerice between the dnrMion of the first excitation 
signal and the duration of the second exellatiorr signal Or a fraction thereof 

10 Further, it is .noted that the order of fbe first, second and third excitation signals may 
he changed. Providing that the responses are suitably delayed, for correct relative 
dignrnent prior to sutmakg, there is no; necessity for the tuh, or 'primary ' excitation 
sigmlecgCO to be first; one or more of the partial, or AecondaryA excitation, signals 
x0} or xsit) raay he fansiiritted first. 

15 

Thus, ia a st|U more general sense, the technique may comprise tranamittmg a 
plurality of discrete excitation, signals Mo the target medium, in which the discrete 
excitation signals: comprise a primary excitation signal and one or more aeoondary 
excitation signals; receiving a corresponding plurality of responses from the target 

M medlmii respectively corresponding to the plurality of discrete excitation signals; and 
generating an output signal comprising the difference between the response to the 
primary excitation signal and either (a) the sore of the responses to the secondary 
excitation signals, or (b) the sum of the response to a single secondary excitation 
signal and one or more time-shifted copies of : the response to the single secondary 

25 excitation signal, the time shift being substantially equal to a time gap between tire 
primary and secondary excitation signals, 

SiitwiiiiiOTi 

The effects of non-linear propagation in tissue were simulated by solving the KZfA 
30 equation. A computer program was written in Matiah (Idle Maihw«rfcs 9 Inc., Natick, 
MA, USA) and C to solve the pamboile wave conation in time domain for arbitrary 
excitations, The program was nssd to calculate the on-axis response at the focus of a 
25 mm diameter foenssed single element transducer. Tim focal depth of the 
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transducer was 75 mmi the coefficient of absorption and the coefficient of soil- 
linearity (B / A) were set at 4.3x1 <T 6 nr. s" J and 2-5, respeon^eiy. The excitation was 
as defined In figure 2 and scaled to produce approximately 100 kFa, 200 kPa, 

arid 500 fcPa peak pressare at the &©ns. At 2 M& ? these pressures correspond to 
5 mechanical indices (Mi's) of 0.035, 0M% 0.14 and 035 of which tbe first two are in 
the range used is non-destmctive cmtrmt agerr imaging. The pressure waveforms 
resulting from the simulation were appropriately delayed: and subtracted according to 
figure 3(a) to obtain the suppressed tissue signal 

10 Tie response of a single contrast agent bubble was calculated from a modified- 
RFNMP differential equation, named after its develcspets KayMlgk Plessec NpMngk, 
Meppkas and Poriiskf using Sinudink and Matiab. A single contrast agent bubble 
with 2.75 micron radius and a resmmnee frequency of 2i) was excijM with the 
burst ssouenee as defined In figure 2 seated to 10 M*a 5 20 kPa, 50 kPa and 100 kPa. 

15 peak pressure. By asing these low peak pressures we expect to be in the range wWh 
does not disrupt the contrast agent and lience obtain simulation results valid ibr non- 
destmcsti ve: contmst agent imaging. The shell property pararneiers were set according 
to the shell properties of corowclatly available contrast -agent The simulated 
pressure wave&rnis at some distance feorn the bubble were delayed and. subtracted 

20 according : to figure 3(a) to obtain the resulting bubble signal Using the simulated 
non~lineat propagation and contrast agent signals wfe evaluated the performance of 
the new approach In both time and frequency domain. 

Measurements 

25 For evaluation of the approach, we performed an in-viira experiment in which we 
processed uiteasound traces recorded from either an agar-agar, tissue nimiicklng 
phantom or a container wish a low concentration of contrast agent The phamorn 
consisted of 3% agar-agar with 0.4% carborundum to manic tissue scattering. The 
contrast agent was a 1:5000 dilution of BE-14 fBracco Research SA, Geneva, 

3 0 S witzerland) in an acousiicalfy transparent container. 

With reference to figure 7, the evaluation may 'be petferrned in a water tank 
containing gas saturated water in which either the phantom or the contrast agent (or 

IS 
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saw ote target object- 70} Is placed at the fcffls fif a 2.25 MHz single element 
broadband transducer 72 (e.g. PZT; &ame» 32 man. ?5 ram fecal length 
(panametric% Waitham, MA, USA}} motmted at the side of the water imk, The 
excitation sequence may he genen^d with an arbitrary wavsfertn generator 14 (sag, 
5 LW420A, LeCroy, Chestnut Ridge, MY. USA), attenuated with a variable attenuator 
75 (e,g, 3S5C/D, IIP, Palo Alto, CA ? uSA). and amplified by a 50 dB linear power 
amplifier % (e.g. 2 I00L, BNI, .Rochester, USA). 

To keep babble disruption to. a asimenm tbemaxiranm Mi may be liBbfod, e.g. Mi < 
10 QX The echo signal 77 may be recorded with an 8-bit digital oscilloscope (9400A, 
teCroy, Chestnm Ridge, NY, USA) ox other digital recording device 78 and 
processed offline using a suitable processing device 813, e.g. m IBM-compatible PC. 

To: increase the accuracy of the timing and to obtain a ro«aswement of the 
15 deeotteiabon due to bubble movement, iM e^nstipn sequence may be slightly 
modified by removing die T 4 delay of the last Ibor-eybie bnrst. In the example* the 
pt ocessiftg scheme used was %a two burst scheme depicted in Fig. 2.3(b),: T&W was 
set to 160 microsecOBds. To lower the noise level la the phantom rheasarements, 
1000 traces were averaged. As contrast agent babbles ate moving around and hehee 
20 the traces are pot hmc'-iitvariants fhfewas not appropriate for the contrast, agent traces 
and non-averaged traces were used ibr processing. Therefore, the noise level in the 
contrast agent measmreptents is Mgber than the noise level hi the pkautom 
■measurements. 



25 $mm$ 

The results from the iwm-Imear aM contrast agent "bubble simulations are depicted in 
figures 4 and 5. Figure 4 shows simulated pressure-time curves for non-linear 
propagation with the KZK-eqnation at several ©mbation. pressures. The tap three 
rows depict, in the time domain, the signals before processing. The fourth row 
30 shows, hi the time domain, the resulting signal alter processing. The bottom row 
shows die signals before (solid Imb} and after (broken line) processing, in the 
frequency domain. Figure 5 shows simulated pressure-time curves for a single 
contrast agent bubble using a modified RFNHP-equation at several excitation 
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pressures. Tim top three rows depict hv the time dornatn, the signals h«te 
processing. The fourth row shows, in the: time: domain, the resuhing signal after 
processing. Hie bottom row the signals before: (solid lim) and alter (broken line) 
processing;, in frequency domain. 

5 

Both figures 4 mid 5 show in eorunms the signals tii&t occur at several points In the 
processing chain far the previously defined peak pressures. The upper three rows 
show the results from the Matkb simulation programs with each graph normalised to 
the peak pressure at the top of the column m which it resides and aligned in time for 
10 the subtraction of the two four-cycle bursts from the eight-cycle burst, It is clear that 
the responses txore hie two four cycle bursts differ only by a time shift, 'Hie fourth, 
row shows the result &om the subtraction. 



AJtogh both tor rjon-lmear propagation and ior a contrast agent babbie the 
1 5 amplitude of the residual signal increases far inafcasrag peak pressor the scaling of 
the figures is made different for visibility of the residual signal. For non-linear 
propagation in figure 4, tire vertical axis is sealed to VI 0 of the vertical scale of the 
graphs above; for the contrast agent bubble hx tgufo 5, the vertical axis is sealed to 
only V2 of the vertical scale above, 

2:0 

Another clear difference between the residual signals is theh length in time and 
periodicity. The mam part of the residual signal from non-linear propagation is very 
bounded in time; h consist of a single: cycle that, In. addition, has a frequency that is 
much higher than the frequency of the. excitation. On tire other hand, the contrast 
25 bubble residual signal is much longer in time and clearly shows a fundamental 
frequency drat is equal to the fremiency of me excitation. 



Finally, the last row shows the Fourier transforms of the four cycle response from the 
second row and the residual signal from the fourth row, Additionally, the graphs are 
30 not normalised and hence are comparable between columns. For non-linear 
propagation we see large suppression of the nonlinear propagation signal. At the 
fundamental at 2 MHz- t^ramfcuis .of supp^bn ,rsu^ : -fean approximately SO d'B 
for the 50 fcPa signal to 50 dB for the. 500 B*a signal In addition, foe freqneney 

20 
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spectrum of &s residual signal is almost flat and shows bo clear fe»4am«Btai and 
harmonic frequency components. Fbrthe. contrast .«igesi .bubble we see suppression 
of the reflected signal as well, but to: a much lesser extent. The fb^da.montal is 
suppressed approximately 40 o!B a* 10 » excitation and 20 dB at 100 fcPa 
5 excitation. At the second b^noniCs. te : 1a^..o£ s^ps^sstan is more even clear as In 
all cases the suppression is only ■& few &B% In addition, the residual signal shows the 
hmdamental frequency eoi'nponent and the higher harmonics. 

The results from the in~vitr& experiments are .in accordance with the simulation 
10 results and are shown in figure 6, Figure 6 shows: in->vifro measurements of a tissue 
mimicking phantom (left) and a contrast agent suspension '(right). The top and 
bottom, figures depict the measured echo signals before processing in time and 
ifequeney doxnain (solid !iae) ; respectively. The bottom figures depict the processed 
signals m time and frequency domain (broken jfea&Jg ^gaificaaf suppression 
15 of the eebo signal fern the tissoo minncMhg phantom. 

The two columns show die signals as obtained thfe €s&>® : ifl|p^ckjj$g, pfe^toSi: 
and the contrast agent dihition. The top row shows the received signal from the four- 
cycle fouxst, the middle row the residual signal .after pressing and the bottom tow 

20 the Courier txaxrsfbrms of the signals above. The suppression for the phantom is 
clearly seen in the time signal wMdh contains mainly noise after processing as well as 
in the Fourier trauslbrm graph which nicely sbows the suppression of the received 
signal hi the bandwidth of the transducer* At the xhndamenial and second, harmonic 
we see suppression of approximately 25 dB and 15 dB respectively . Comparing this 

25 with the received, signal from the contrast agent dilution, we- see a slight decrease in 
average amplitude in the time signal after processing, in the Fourier transform graph 
a slight suppression is visible s^rnxd the -SEaiaMiKnM; at other frequencies the curves 
overlap, 

30 In summary, detection of contrast agent in perfused tissue has been, an important 
research topic for many years. The methods that are currently available are either 
based on the high nonlinear scattering of a contrast agent bubble or destruction of the 
contrast agent; The roost irnportant reprosentatives of me fet method are harmonic 
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Imaging, power moMMott and pulss mverslsta, All three teahnloues use a spectral 
filtering approach to extract that psstfof ffcfe ••Spsosrtttfr .m •tfbxifa the received signal 
shows the largest difference between tissue and contrast agent. A drawback of these 
techniques is that the transducer bandwidth Is nxjpKdiiy or expHoMy di vided into a 
5 transmission stih-band and a reception tsub-hand and mere&re not optimally osed. 
Differences in system theoretic behaviour of nonTfeear propagation and contrast 
agent are not used with these techniques. The anajd^num obtainable CTR is hence 
limited, by differences in non-imeanty, 

W The approach of the present invention uses 'the difference m system behaviour 
between tissue and bubbles to detect the contrast agent and suppress the tissue signal, 
'fho sluiination results and the measurements efearly show the ability to untangle both 
signals and improve fee contrast to tissue ratio above the CTR thai is inherent in the 
received signal, For example, at 1 00 W& .sjMtsMm^UltSs show at the rnndamentaj 

15 a s«p|?ression of 70 dB for noB-lm^#b^g^cm:i«^p(OJ^e::iaid IS dB for me contrast 
agent bubble response; an increase of approximately 52 dB in CTR after processing 
me signals with fee new approach. : Fqri»J3^3^W ttesfifect are similar. For me non- 
linear propagation signal; we find significant suppressioa. while the 'bwbbls signal is 
hardly suppressed. In figure 5 we even see at 100 If Pa an increase of the fourth 

20 hannpnic after processing. Although the experimental setup was not optimised for 
this approach, we found significant suppression of the phantom signal while the 
contrast agent signal was hardly suppressed. Figure 6' shows an approximate Increase 
of 20 dB in CTR at the fnndamenial and IS dB at the second harraonio. As we used 
m 8-4-4 cycle prdsing scheme in the e>^erhn©nis s it is possible: check for 

25 dccorrelation due to movement of the contrast agent by subtraction the responses of 
the two four cycle bursts. No decorxelation due to bnhbie movements was found and 
hence the residual signal can be &0y subscribed to be caused by statefujness of the 
contrast agent. 

30 Thon&h the present method is based on Interaction between non-linearity and 
siatefuhiess, the operations which hjaoiernent the processing are linear operations. 
This hnplies that most ieebmques that are in use in ultrasound applications can still be 
applied. For example, pulse inversion and power nromdsbon can still be applied; at a 

oo 



wo trnwrnumt 



cost, however, of ikther reducing frame rate,: Fufffieirmo^e, as pulse inversion is 
already based on subtraction of carefully a%aed traces from different firings, ranch 
of the signal processing infrastructure thatis necessary to nnpiemcnt this tediniqae Is 
already available. 

5 

Therefore, adding the present technique to current ultrasound scanners is well 
possible without large Investments in hardware. Although the present technique is 
designed for non-destructive imaging, destruction of contrast agent will not 
immediately cancel its applicability. As destruction of the contrast agent means 

1.0 decollation of the contrast agent signal it will show up as an increase m the 
residual signal alter processing. However, as the decoaelariots prevents .Mi 
eaneelladon of f he fmt four cycles of fhe eigln^yele bnrst, the will he a loss in 
resolution in the contrast agent signal. On the other femd, as the technique is based 
m suppression of signals, die noise floor of the imaging system becohles trie limit of 

15 suppression, 

Extensions of the described techniques can readily be implemented. For example, 
any combination Of two, not necessarily equal pulses which do not overlap in time 
can be used, The two pulses can dlfier in phase amplitude* frequency or phase or a 
20 cornbinadon, of these. The third pulse Is then derived by adding die former two. 
Another extension is the use of harmonics instead of the fundamental as described 
'here, 

The invention provides a new processing metfeod that highly suppresses echoes from. 
25 tissue while echoes from contrast agent pass relatively unchanged. As the method is 
fully .linear, it can he added as a front-end to existing processing schemes to give 
large improvements in CTR with destroying the contrast agent. 

Other embodiments are ygsficiaJ^ wt*&»t|fce scope of the accompanying claims, 

30 
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CLAIMS 

L A method of making nitmsoupfi measisrsmsmfe on a target object comprising 
the steps of: 

5 (a.) : transmitting a first e:phtati on signal into a target medium; 

(hi transmitting a second excitation signal Into the target medium at a different 
time to die first exeitadon signal,: die second ejodiadon signal being substantially 
equal to a portion of the first excitation sigsaij 

(p) receiving a first and a second response fhp the target medium, respectively 
1 0 corresponding to fee first and second excitation .signals; md 

(d) generating an output signal comprising the difference between the first 
msporm and. the sum of the second .tespoase and a. time-shifted copy of the second 
response, the tiro© shift being selected for appropriate alignment of the copy relative 
to the first response and the second response. 

IS 

2, The method of cteka 1 m widen die second excitation signal is a l/N tk 
portion of the first excitation signal, and in 'which, step (d) comprises; generating the 
optont signal as the difference between the first response and the sum of the second 
response and thne-sMfied copies of the second response. 

20 

3, The method of claim. I in which the second excitation signal is an. amplitude 
sealed version of the first excitation signal. 

4, The method of claim h claim 2 or claim 3 in which step (d) further includes 
25 the step of amplitude, scaling one or more of the first and second responses prior to 

calculating said difference. 

5,. The method of claim 1 in which the first excitation signal is substantially equal 
to an amphto.de scaled sum of the second excitation signal and a time shifted copy of 
30 the second excitation signal. 

& The method of claim 5 in ^#.ilie ^^Etod« SG^iag- factor is unity, 
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?. The -method of claim 5 in which the amislltuds scaling factor is «-.t . 

8 . The method of claim 1 in which the first excitation si gnal is a burst of n cycles; 
of fj&qmxicy fmA the: second exci tatioti sigaal Is abuxst of nf2 cycles of frequency / 

5 

9. The method of claim 2 In which I he first excitation signal is a burst of n cycles 
of fi-eqaeuey/and tije second exemmoo signal is a burst of n/N cycles of frequency/. 

10 . The method of claim 1 it; which fee first and second excitation signals axe 
1 0 selected: such that the difference between the fast excitation signal and the sum of the 
second excitation signal and a time-dispiaeed version of the second excitation signal 
Is substantially zero, 

I L The method of ei#ii 2 m which the time shift is substantially equal to the 
0. difference between the duration of the fust excitation signal and the duration of the; 
second excitation signal or a fraction thereof 

12. A method of making ultrasound measurements on a target object eornprising 
the steps of 

.20 (a) transntitting a first excitation signal Into a target medium; 

(h) transmitting a second excitation signal into the target medium at a dif&reat 
time to the fTrst excitation signal, the second excitation signal being substantially 
equal to a first portion of the ikst excitation signal; 

(e) transmitting a third ozonation signal mto the target medium at a. diimrent time 
25 to the first and: second excitation signals, the tbM ■■■excitation signal being substantially 
eqwal. to a second portion of the first exoidnion signal; 

{$) receiving a first, a second and a #hd response from the target medium, 
respectively corresponding to die first, the second and fee third excitation signals; and 
(e) generating an output signal conmfising the difxerence between the first 
3 0 response and the sum. of the second and third responses. 

1 3 , The method of claim 12 hi which: 

25 
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step (b) includes transmitting fervor ©dfoatfatf signals, emh separated in time 
feom fee other excitation si gnals and each sribsmtitialiy es$M to a portion of the first 
excitation signal, into the target rnedmuvarxd 

step (e) mekides receiving Ihriher responses from die target medium, each 
further response ccci«spo:mimg to oae,of farte.exd^»n. s%aa}s; mid 

step (d) ootnpises gerrerating the output signal as a difference between fee 
first response and a sum of the second, thhd and fhrther responses, 

14. The method of claim 12 in which fee second and/or third excitation signal is 
an amplitude sealed version of the first excitation signal. 

15:, The method of claim 12, claim 13 or claim .14 in which step (d). fmr&cr 
metndes the step of mrsplitude scaling one or moxe of fee iirfsh second, and third 
responses prior to ealoniating said diferanca. 

16. lite Method of claim 12 m which the first exdtatidn signal is st3.bstantia% 
eqnal ...to an atnplhude scaled sum of fee second and Mrd e^Citatada signals. 

17, The method of claim 14 in which the amplitude scaling factor is unity, 
i 8 . The method of claim 1 6 in which the amplitude scaling factor is --4 . 

19. The method of claim 12 is which the first excitation signal is a burst of n 
cycles of frequency f and the second and third excitation signals are each a burst of 
n/2 cycles of freqneney £ 

20. The method of claim 1 2 in ^tiich the fest ? second and third excitation signals 
are selected such that the 43fieren©£' bstweeai : %e;;fet. excitation signal and the smo of 
the second excitation signal and tfc$,this& eic^it^ioa-sigi^.mspb^&^al'ly zero, 

21 . The method of claim. 12 in which the freque^ of the second excitation signal 
is different to me frsqnsncy of fee third excitation signal. 
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22. A method of making ultrasound rne^smwnents on a target object comprising 
the steps of: 

transmitting a plurality of discrete zxcxtation signals into a target medium, the 
discrete excitation signals mmpmmg & primary esei^op signal and one or mare 
5 secondary excitation signals; 

recording a corresponding pMity of responses from the target medium 
respectively resulting from the plurality of dise^ie excitation signals; 

generating an output signal comprising the. difference between the response to 
the primary excitation signal and either 
10 (i) the sum of the responses to the secondary excitation signals, or 

Cp) the sum of the response to a single secondary excitation signal and one or 
more tune-shifted copies of the response to the single secondary excitation signal, the 
time shift being selected for appropriate alignment of the copy relative to the first 
response and. fee .second response 

15 

23 . The method of duhn 22 in wM<& the time $M is strhstarniall y equal to the 
difference between the duration of the e^itation signal and the duration of the 
second excitation sigaal or a fractionlhereoi 

2Ci 24, Apparatus for making ultrasound measurements on a target object comprising* 
a transducer for trausmithtig excitation signals into, and receiving 
corresponding response signals from, a target medium; 

an excitation signal generator fpp generating a first excitation signal and a 
second excitation signal at a different time to the first excitation signal, the second 
25 excitation signal being substantially equal to a portlon of the first excitation signal; 

a signal processing device for receiving a first and a second response from the 
transducer, respectively corresponding to the .first and. second excitation signals and 
for generating an output signal comprising the difference between the first response 
and the sum of die second response and a time-shffted copy of the second response, 
30 the time shift being selected for appropriate alignment; of the copy relative to the first 
response and the second response. 
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23. The apparatus of claim 24 Is which the time shift is mbstmiMW equal to the 
differeacs between the duration of the first excitation signal m& the duration of the 
second excitation signal or a fraction tnereol 

5 26, Apparatus tor making ultrasound aTCorements on a target object comprising: 
a transducer for traasmtdRg: excitation signals into, and receiving response 
signals .from, a target medium;. 

an excitation signal generator for generating: a first excitation signal, a second 
excitation signal at a different time to the &st excitation signal, the second excitation 
10 signal, being sttbsfmMly equal to a first portion of the&st excitation signal, and a 
third excitation signal at a different time to the first and second excitation signals, the 
■third exaltation signal being substantially equal to a second portion of the first:; 
excitation signal; 

a signal processing device for receiving a fest, a ■wjM' and a third response 
15; from -the transducer, respectively corresponding to the first, the second and the third, 
excitation signals; m& : frsr generating an output signal comprising fee difference 
between the first response and. the gram. pfifje second and third responses, 

27. Apparatus for malting ottraaoand measurements on a. target object comprising; 
20 & transducer for transmitting exefetion signals into, and receiving excitation 

signals from, a target medi um; 

an excitation signal generator Jot generating a plurality of discrete excitation 

signals, the discrete excitation signals comprising a primary excitation signal and one 

or more: secondary excitation signals; 
25 a signal processor for receiving a corresponding plurality of responses from 

the transdncer respectively manning from the plnraliiy of discrete excitation signals 

and for generating an output signal comprising the diffeence between the response to 

the primary excitation signal and either 

(!) the sum of the responses to the secondary excitation signals, or 
30 (ii) the sum of the response to; a single aecondary excitation signal and one or 
more time-shifted copies of the response to the single secondary excitation signal, the 
time shift being select^., tbt .apj^ffiste-.^ipmeJit of the copy relative to the first 
response and die second response. 

28 



28, The apparatus of claim 2? xii w&et tuse Mft U mbmaMalky &mal to the 
drfemo.ce between ike dmstion of •gie first exeitaJloti sigaai m& the duration of the 
second excitation signal or a feaetiaa thereof 
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